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Abstract  Based on the analysis of observations from a 213-m tall meteorological tower at 
Tsukuba, Japan, we have investigated the favourable conditions for the predominant existence of 
large-scale turbulence structures in the near-neutral atmospheric boundary layer (ABL). From the 
wavelet variance spectrum for the streamwise velocity component (u) measured by a sonic 
anemometer-thermometer at the highest level (200 m), large-scale structures (time-scale range of 
100–300 s) predominantly exist under slightly unstable and close to neutral conditions. The 
emergence of large-scale structures also can be related to the diurnal evolution of the ABL. The 
large-scale structures play an important role in the overall flow structure of the lower boundary 
layer. For example, u velocity components at the 200-m and 50-m levels show relatively high 
correlation with the existence of large-scale structures. Under slightly unstable (near-neutral) 
conditions, a low-speed region in advance of the high-speed structure shows a positive deviation 
of temperature and appears as the plume structure that is forced by buoyancy in the heated lower 
layer. In spite of the difference in buoyancy effects between the near-neutral and unstable cases, 
large-scale structures are frequently observed in both cases and the same vertical correlation of u 
components is indicated. However, the vertical wind shear is smaller in the unstable cases. On the 
other hand, in near-neutral cases, the transport efficiency of momentum at the higher level and the 
flux contribution of sweep motions are larger than those in the unstable cases. 
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Laboratory experiments (e.g. Kline et al. 1967; Corino and Brodkey 1969) have 
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demonstrated the existence of coherent structures in turbulence and their large 
contributions to the production of new turbulence and turbulent transfer. Coherent 
structures are well organized and relatively stable long-living eddy structures (Foken 
2008). In Barthlott et al. (2007), the term “coherent” is used to denote a distinct “large-
scale” fluctuation pattern that is regularly observed in a given turbulent flow. 
In the case of the atmospheric boundary layer (ABL), conditions are very different 
from those in the laboratory, because the Reynolds number of ABL flow is very high (Re 
≈ 108). Microfrontal structures (Gao et al. 1989, 1992; Mahrt and Howell 1994), which 
have been found in field experiments in the surface layer and contain distinct high-speed 
regions, are one type of coherent structure in the ABL. Streak structures in the streamwise 
direction close to the ground with organized regions of high-speed and low-speed fluid, 
which were revealed by large-eddy simulation (LES) models (Deardorff 1972; Lin et al. 
1996) and Doppler lidar observations (Drobinski et al. 2004, 2007), are another type of 
coherent structure. The high-speed streak may contain the aforementioned microfrontal 
structure. In the ABL, many types of coherent structures have been observed under a 
variety of atmospheric stability conditions (Lu and Fitzjarrald 1994; Barthlott et al. 2007). 
Because of the difficulty of measurement, turbulence structures at higher levels in the 
ABL have not been investigated in detail from observations. 
The “neutral” boundary layer is defined for conditions under which the mechanical 
(shear) production of turbulent kinetic energy is much larger than the buoyant production 
(e.g. Stull 1988). The neutral ABL has been an important topic of research because the 
mechanical production (which normally acts in the neutral ABL) is a primary mechanism, 
especially in the surface layer. Turbulence structures in such a neutral boundary layer 
with small buoyancy effects are expected to have different geometric aspects from those 
in the stable or unstable boundary layer (cf. Carper and Porté-Agel 2004). From 
theoretical considerations and experimental data, Hunt and Morrison (2000) suggested 
that the dominant mechanism for the neutrally stratified turbulent boundary layer at very 
high Reynolds numbers is the impingement of “large-scale eddies” onto the wall. This 
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“top-down” picture differs from the “bottom-up” instability–surface interaction 
mechanisms proposed in most previous studies. 
Townsend (1961) supposed that the turbulent motion in a layer with equilibrium 
between energy production and dissipation consists of an “active” component responsible 
for turbulent transfer and an “inactive” component not relevant to the transfer. Later on, 
the various atmospheric neutral surface-layer characteristics were explained by Högström 
et al. (2002) in terms of the “top-down” mechanism. They indicated that “detached 
eddies” of relatively large scale, which are brought down from above into the surface 
layer, cause the increase of dimensionless vertical velocity variance with height. 
Although features (length scale, etc.) of these eddies are similar to “inactive” turbulence, 
they are a very effective means for momentum transport. 
In the near-neutral ABL, Horiguchi et al. (2010, 2012) revealed a descending large-
scale region of higher wind speed (at a spatial scale of several hundred metres to 
approximately 1 km) using Doppler sodar or sonic anemometer-thermometers on a 
meteorological tower. This is essentially a specific type of coherent structure and usually 
makes a large contribution to the downward momentum transfer. Moreover, large-scale 
high-speed structures observed in their study appear to correspond to “large-scale eddies” 
in Hunt and Morrison (2000), which exert great influence on the turbulence in the lower 
layer. For the general feature of large-scale structures in the near-neutral case (Horiguchi 
et al. 2012), the mean interval of time between the structures was obtained in the range 
310–890 s, which corresponds to the spatial scale in the range 3,100–8,300 m using 
Taylor’s frozen turbulence hypothesis. However, favourable conditions for the 
occurrence and development of large-scale structures could not be found. The aim of the 
present study is to determine conditions under which large-scale structures predominantly 
occur in the near-neutral ABL. Therefore, the stability dependence and diurnal change of 
the large-scale structures are examined. Moreover, the conditionally-averaged pattern of 
structures and the turbulence features under near-neutral conditions are compared with 
those under unstable conditions. 
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2 Observed Data and the Analysis Method 
 
The data and analysis method are almost the same as those in Horiguchi et al. (2012). 
Here, we describe important issues and additional information. 
 
2.1 Outline of Observed Data 
 
We use the archived data from a 213-m tall meteorological tower at the Meteorological 
Research Institute (MRI), Japan Meteorological Agency (JMA) in Tsukuba City, Japan 
(36.1°N, 140.1°E). The surrounding area can be characterized by its generally flat 
topography and by its complex land usage; the land cover includes crop fields, pine 
woods and forests, houses or buildings, grass fields, and paddy fields (Hiyama et al. 
1995). 
Fluctuations in the three velocity components and temperature were measured by 
sonic anemometer-thermometers (DAT-300, Kaijo Co., Tokyo, Japan) at levels of 10, 25, 
50, 100, 150, and 200 m on the tower. Standard meteorological elements were also 
measured at each level using resistance thermometers, and assorted instrumentation . For 
the evaluation of stability, the ratio of the observation height z to the Obukhov stability 
length L is used, viz. z/L. The direction of the mean flow is determined from the original 
data every 30 min and eddy fluxes of momentum and temperature are calculated over this 
time. Strictly speaking, the temperature measured by a sonic anemometer-thermometer is 
what is called the “sonic temperature”, given by 
 
Ts = T (1+0.32e/p),     (1) 
 
where T is the air temperature, e is the vapour pressure, and p is the atmospheric pressure 
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(Foken, 2008). When air temperature or humidity is low, the difference between the sonic 
temperature and air temperature is not large. For the calculation of the temperature flux in 
obtaining z/L, the sonic temperature is used because of no measurement of e fluctuations. 
Under conditions not far from neutral stability, the value of z/L corresponds to the ratio of 
the buoyant production of turbulence to its shear production. In this study, the level of 50 
m is used for the evaluation of stability, and conditions in the range |z/L| < 0.2 are 
regarded as “near-neutral”. 
In our analysis, usually the u velocity component at each level is taken in the same 
horizontal streamwise direction as the mean wind at 50 m; the w velocity component is 
taken in the vertical direction. For the analysis of the eddy flux, the u component is taken 
in the three-dimensional mean streamwise direction and the w component is taken in the 
upward normal to the mean direction. This method is the same as that of “double 
rotation” (cf. Foken 2008). 
 
2.2 Cases for the Analysis 
 
Daily files are divided into 30-min data segments and time-averaged statistics are 
calculated for these parts. Usually, an observational case is made up of seven parts (210 
min) with the same stability conditions. When an analysis is made for the observation 
over almost one day, the period is divided into subcases each having a relatively short 
period of 150 min (five parts) in order to examine the diurnal change of turbulence 
structures. 
All analyzed cases were selected from the data obtained during the period December 
1999‒March 2000 (a cold and windy period). Assuming the logarithmic wind profile in 
near-neutral cases, the roughness length z0 was determined as in the range of 0.6‒2.4 m. 
 
2.3 Data Analysis Method 
 
6 
The analysis method of wavelet transform (cf. Kronland-Martinet et al. 1987) and the 
related procedures are overviewed in this section. Turbulence structures of various scales 
are extracted by applying an integral wavelet transform to the time series of data. The 
wavelet coefficient Tp(a, b) with a scale parameter a and a translation parameter b is 
obtained using an analyzing wavelet. 
For the analyzing wavelet, the “Mexican Hat” wavelet function is employed as in 
other studies on turbulence (e.g. Gao and Li 1993; Chen and Hu 2003). The time scale 
defined by the value of 2a, which is a positive part of this wavelet function, is used for 
sorting turbulent fluctuations according to the scale. In order to examine the distribution 
of scales for fluctuations, the wavelet variance spectrum W(a) (Mahrt 1991; Collineau 
and Brunet 1993) is calculated as follows, 
 





),( .     (2) 
 
The integral wavelet transform is applied to the fluctuations of the u velocity 
component, which are normalized by the standard deviation in each part and connected 
over seven parts for an observational case (or five parts for a subcase). The wavelet 
variance spectrum is examined within the time-scale range of 4‒352 s (cf. Fig. 3 in 
Horiguchi et al. 2012). Although the power spectrum using the Fourier transform gives 
comparable results, the wavelet variance spectrum can indicate a clear peak (maximum) 
in the large-scale range. In this analysis, the term “large-scale” is used for the structure 
having a time scale of 100–300 s. One reason for the difference from the power spectrum 
is the intrinsic smooth distribution of this wavelet variance spectrum. 
 
3 Results and Discussion 
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3.1 Comparison of Large-Scale Structures in the Near-Neutral 
Observational Cases 
 
In Horiguchi et al. (2012), 31 near-neutral cases were selected and referred to as case No. 
1–31. First of all, conditions in these cases and the occurrence of large-scale structures 
are investigated in the present analysis. Since large-scale high-speed structures are likely 
to have a downward movement from a higher level, the highest measurement level (200 
m) is used in order to identify the structures. In 17 cases, the wavelet variance spectrum 
of the u velocity component at 200 m exhibits a peak (global maximum in 10 cases or 
local maximum in seven cases) in the large-scale range (* in Table 1). The spectral peak 
located in the large-scale range indicates that large-scale structures are remarkably seen in 
the turbulent flow. In Table 1, average values of z/L over seven parts are also shown for 
comparison of the stability conditions. 
Properties of the wavelet variance spectrum for the u component at 200 m in the near-
neutral observational cases are obtained as follows: 
(1) in the cases during nighttime (four cases, local time range of 1830‒0330) under 
slightly stable conditions (z/L > 0), a peak of the spectrum is not found within the 
large-scale range; 
(2) under slightly unstable conditions (z/L < 0) (16 cases), usually wavelet variance has a 
spectral peak within the large-scale range or gradually increases with the increase of 
the time scale; 
(3) a peak in the large-scale range (17 cases in total) is found not only under slightly 
unstable conditions (10 cases), but also under close to neutral conditions (0 ≤ z/L ≤ 
0.05) (seven cases). 
In connection with the above item 2, in eight cases under slightly unstable (z/L < 0) or 
close to neutral conditions (z/L = 0.03), the wavelet variance gradually increases in the 
large-scale range and in a range of the larger time scale (more than 300 s) (symbol “‒” in 
Table 1). In these cases, some velocity variation with a very large time scale exists in the 
turbulent flow at the higher level. To be precise, large variance at the very large time 
8 
scale is found only at the levels of 100 m and 200 m. 
From the present analysis of near-neutral observational cases, a general conclusion 
can be drawn: that is, large-scale structures predominantly exist (especially in the global 
maximum cases) under slightly unstable and close to neutral conditions. The values of z/L 
are in the range of −0.14 to 0.05. This also indicates that the buoyancy contribution under 
unstable conditions is not a unique factor for the predominant existence of large-scale 
structures. The local time of the global maximum cases under close to neutral conditions 
(cases No. 20 and 25) is during the late afternoon to early evening (1530‒1930 LST). The 
emergence of large-scale structures is possibly also related to the diurnal evolution of the 
ABL structure. For the slightly unstable cases, the time is not limited to the above period. 
The global maximum or gradual increase of wavelet variance in the large-scale range 
indicates the significant existence of large-scale structures (18 cases in total). In the case 
of the local maximum, its variance is not so large. As a next step in the analysis, the role 
of large-scale structures in the overall flow structure of the lower boundary layer is 
investigated. The analysis of the two-point space–time correlation of the u component 
between the higher and lower levels (200‒50 m) shows relatively high correlation for the 
cases with a significant existence of large-scale structures (Table 1). The average value of 
the maximum correlation coefficient is 0.33 (standard deviation σ = 0.06) for these cases, 
whereas the average value is 0.22 (σ = 0.08) in the other cases. This high correlation with 
the existence of large-scale structures is attributable to the downward extent of such 
structures from the higher level. 
From the present observations, vertical wind shear in the lower boundary layer is 
evaluated using the non-dimensional wind shear (S) between the 50-m and 200-m levels, 
 
S = (u2 − u1)/u∗,     (3) 
 
where u1 and u2 are u components at 50 and 200 m, and u∗ is the friction velocity. For the 
cases with significant existence of large-scale structures (18 cases), the wind shear has a 
9 
small average value of 4.6 (σ = 0.8) (Table 1). In the other cases, the average value is 7.2 
(σ = 1.5). This suggests that streamwise momentum is well mixed vertically with the 
emergence of large-scale structures, supporting the conclusion of the importance of these 
structures to the overall flow structure of the lower boundary layer. 
 
3.2 Diurnal Change of Large-Scale Structures under Near-Neutral 
Conditions 
 
In the above section, we compared the properties of large-scale structures among the 
near-neutral observational cases, usually on different days and in small shifts of the 
stability condition. Here, the diurnal change of large-scale structures over almost one day 
under near-neutral conditions is examined to confirm the favourable conditions for the 
predominant existence of large-scale structures. We selected February 9, 2000, in which 
near-neutral conditions continued from 0500 to 2230 local standard time (LST), the 
longest period among the analyzed days. The weather was clear at 0900 LST and became 
cloudy at 1500 LST at the nearby Tateno station in Tsukuba City. Figure 1 shows the 
variation of z/L, friction velocity (u∗), and the u velocity component at the 200-m and 50-
m levels on this day. Owing to noisy data, statistical values were not obtained at the 
beginning of the day. The value of z/L indicates slightly stable conditions (z/L > 0) until 
0830 LST, and slightly unstable afterwards (z/L < 0). From 1630 LST, slightly stable 
conditions returned. Friction velocity decreased with a corresponding decrease in the u 
component at 200 m and 50 m during the period of near-neutral stability. 
The period under near-neutral stability is divided into subcases each having a period 
of 150 min (five parts). This period is shorter than that of the near-neutral observational 
cases in Sect. 3.1 in order to prevent a large change of conditions during a subcase. 
Properties of large-scale structures are examined for each subcase. Table 2 shows the 
time scale of the peak (global or local maximum) in the wavelet variance spectrum for the 
u component at 200 m; average values of z/L are also shown. 
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In subcases 1 and 2 (0500‒1000 LST), in which conditions are slightly stable (on 
average, z/L = 0.03 in subcase 1) or close to neutral (z/L = −0.01 in subcase 2), wavelet 
variance spectra for the u component at all levels indicate no dominant peak in the large-
scale range. The local maximum at the time scale of 296 s for the 200-m level in subcase 
1 is very small; on the other hand, in subcase 2, a relatively large peak (local maximum) 
is found at the time scale of 124 s (Fig. 2a). Subsequently, in subcases 3 and 4 
(1000‒1500 LST), in which conditions are slightly unstable (z/L = −0.09 and −0.07), 
spectra for the u component at the higher levels indicate clear peaks in the large-scale 
range. For subcase 3, a global maximum is found at the time scale of 160 s for the 200-m 
level (Fig. 2b), which corresponds to a spatial scale of 1,800 m. A global maximum with 
a larger time scale is also evident at the lower levels (100 m and 50 m); even so, its time 
scale gradually decreases. For the next subcase (subcase 4), a global maximum is located 
at the time scale of 124 s for the 200-m level, while a global maximum at the time scale 
of 100 s is also found in subcase 5 (1500‒1730 LST in the late afternoon), in which 
stability is close to neutral (z/L = 0.01). In the evening (subcases 6 and 7, 1730‒2230 
LST), in which conditions became slightly stable (z/L = 0.10 and 0.11), the spectrum 
shows no dominant peak in the large-scale range. 
This example demonstrates that slightly unstable conditions are favourable for the 
emergence of large-scale structures in the lower part of the near-neutral ABL, and 
suggests buoyancy effects on the development of turbulence structures. The related 
process is discussed in the subsequent section. The large-scale structures substantially 
exist also in the late afternoon under close to neutral conditions, and the overall flow 
structure of the lower boundary layer changes according to the emergence of large-scale 
structures. The space–time correlation of the u component between the 200-m and 50-m 
levels shows relatively high values for the subcases with the predominant existence of 
large-scale structures. In subcase 1, the maximum correlation coefficient is 0.20, whereas 
the value reaches 0.33 and 0.35 in subcases 4 and 5 (Table 2). Moreover, the non-
dimensional wind shear between the 50-m and 200-m levels, evaluated using Eq. 3, is 
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small in subcases 3, 4, and 5 (S = 3.7, 4.2, 4.5) with the predominant existence of large-
scale structures. This suggests that momentum is well mixed vertically. In the other 
subcases, the non-dimensional value of wind shear is in the range of 6.1‒8.4. 
The same analysis is made for other examples on December 7, 1999 and January 21, 
2000, in which near-neutral conditions existed for periods 0800‒1800 and 0430‒1930 
LST respectively. These examples also demonstrate that slightly unstable conditions are 
favourable for the emergence of large-scale structures in the lower part of the near-neutral 
ABL. The predominant existence of large-scale structures in the late afternoon under 
close to neutral conditions (z/L = −0.02) is also found on January 21. Moreover, the 
overall flow structure of the lower boundary layer in these examples changed according 
to the emergence of large-scale structures. The diurnal change of properties of large-scale 
structures is consistent with the result obtained from the comparison between the near-
neutral observational cases (Sect. 3.1). 
Over land surfaces, the vertical structure of the ABL evolves with the diurnal cycle 
(e.g. Stull, 1988), with the largest scale of turbulence structures possibly related to the 
resultant ABL depth. The ABL (mixed layer) grows in depth on fine days under unstable 
conditions and reaches its maximum depth in late afternoon. Since we do not have 
observational information in this study, evaluating a connection between the scale of 
turbulence structures and the ABL depth is difficult. 
 
3.3 Average pattern of Large-Scale Structures in the Near-Neutral and 
Unstable Cases 
 
As pointed out in the previous sections, in the lower part of the near-neutral ABL, large-
scale structures are frequently observed under slightly unstable conditions. Here, for the 
purpose of characterizing the large-scale structures in the near-neutral cases, we compare 
these structures with those, such as the plume structure, that are forced by strong 
buoyancy in the daytime. Moreover, the related process is presented and discussed. 
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As a typical near-neutral case, Horiguchi et al. (2012) used the period 1330 to 1700 
LST on March 29, 2000 (case 29); the average z/L of −0.05 for this case indicates slightly 
unstable conditions. From a series of wavelet coefficients for the u velocity component at 
the 200-m level, high-speed events with local maxima exceeding a threshold value were 
selected. A conditionally-averaged pattern of fluctuations (denoted by the prime) of the u 
and w components normalized by their standard deviations (σu and σw) was then depicted 
on a time–height cross-section (Fig. 5 in Horiguchi et al. 2012). A descending high-speed 
structure is recognized from the flow pattern, and in advance of the high-speed structure, 
an ascending low-speed region (structure) is also revealed. The wind pattern of these 
structures is the same as that of an ejection-sweep structure for velocity, which was 
observed (Gao et al. 1989) and computed using LES (Su et al. 1998) for forest canopies. 
The ejection is a low-speed upward turbulent motion and the sweep is a high-speed 
downward turbulent motion, while the structure of the ejection and sweep is not 
necessarily large. Compared to the foregoing observations, the present study reveals the 
structures over a wide height range. 
In addition to the wind pattern, temperature fluctuations normalized by the standard 
deviation (σT) are depicted with a red line at each level (50, 100, and 200 m) (Fig. 3). 
Since the air temperature decreased slightly during the period of the case, a linear trend is 
removed for each part. Moreover, σT decreases from 0.5 to 0.1 K for each part at 50 m 
and from 0.4 to 0.1 K at 100 m. In the figure, time zero corresponds to the centre of 
events, and the time progresses from the right to left (the temporal variation can be 
converted into the spatial distribution from the mean u). Contours indicate u′ values and 
arrows denote w′ values. In the ascending low-speed region, the temperature deviation is 
positive, corresponding to warm air rising. In this case, normalized T′ values reach 1.3 at 
the 50-m and 100-m levels after the removal of the trend. The same structure is usually 
recognized (15 cases in total among 16 cases) in the slightly unstable (near-neutral) cases. 
For simplicity, slightly unstable (near-neutral) cases are sometimes referred to as “near-
neutral cases” in this and the next section. 
  
13 
The ascending low-speed region is similar to the plume structure that is forced by 
buoyancy in the heated lower layer. This plume structure has a diameter and a depth on 
the order of the surface-layer depth (≈100 m); ambient mean flow modifies the plume 
structure so that the leading edge is diffuse and the trailing edge is sharp (Stull, 1988). 
Kaimal and Businger (1970) observed the wind speed and temperature during the 
occurrence of a plume and showed a sharp fall in temperature at the trailing edge 
(“microfront”). As for the u component, it remains low within much of the plume but 
increases suddenly just ahead of the front. Measured from a fixed tower, the temperature 
trace shows a “ramp structure” or sawtooth shape close to the surface in the plume (e.g. 
Schols 1984). 
For the purpose of comparison, unstable cases were selected from the same period as 
the near-neutral cases. These unstable cases have a period of 210 min (seven parts), 
during which z/L for each part continues in the range −2.0 < z/L ≤ −0.2. Since 
observations were made in a cold and windy period, very unstable conditions (z/L ≤ −2.0) 
are rare and not included in the analyzed cases. Mean wind direction, horizontal wind 
speed, friction velocity (u∗), and the value of z/L at 50 m are listed in Table 3. The time 
scale of the peak in the wavelet variance spectrum for the u component at 200 m is also 
shown. These unstable cases are referred to as case U-1–13. Average values of wind 
speed (5.0 m s−1) and friction velocity (0.58 m s−1) for the unstable cases are smaller than 
those for the slightly unstable (near-neutral) cases (8.1 and 0.82 m s−1). The difference of 
wind speed is certainly related to the change of stability. 
For a typical unstable case, the case during 1100–1430 LST on February 28, 2000 
(case U-8) is selected. Here, the average value of the u component at 200 m (9.0 m s−1) is 
the largest of all cases and the average z/L = −0.57. As in the near-neutral case, the 
wavelet variance spectrum for the u component is examined. At 200 m, a small local 
maximum is found at the time scale of 104 s (Fig. 4), corresponding to a spatial scale of 
900 m using the mean u. At the lower levels (50‒150 m), global maxima are located in 
the time-scale range slightly smaller than 100 s, indicating that relatively small-scale 
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structures are dominant. From a series of wavelet coefficients for the u component at 200 
m, we select high-speed events (six events) and a conditionally-averaged pattern is 
constructed (Fig. 5). An ascending low-speed region in advance of a descending high-
speed structure is extracted also in this unstable case. In the low-speed region, the 
temperature deviation is positive; normalized T′ values reach 0.8 at 50 m and 0.9 at 100 m 
after the removal of the trend. During the period of the case, the standard deviation of 
temperature decreases from 0.4 to 0.2 K for each part at 50 m and from 0.3 to 0.2 K at 
100 m. The temperature excess above the mean is comparable with that for the typical 
near-neutral case (case No. 29). 
In this case, under unstable conditions, the low-speed region can be regarded as a 
plume structure. The trailing edge of the low-speed region is sharp and its downwind tilt 
with height is large near the surface. Although the temperature excess is not so large in 
the ascending low-speed region, its value is comparable with that for the convective 
plume observed by Kaimal and Businger (1970). They showed that the maximum 
temperature excess is approximately 0.6 K at the height of 22.6 m and the entrainment 
must account in part for the overall attenuation of the temperature signal at that height. 
In a few unstable cases, conditionally-averaged patterns from the same analysis are 
unclear. The reason can be attributed to the difficulty in detecting events from the u 
component at 200 m. Even so, an ascending low-speed region with the positive 
temperature deviation can be recognized in all the unstable cases. The wind and 
temperature fields are almost the same as the ensemble structure of temperature ramp 
events under unstable conditions in the surface layer, which was observed from a tower 
(Wilczak, 1984; Feigenwinter and Vogt, 2005). 
As for the near-neutral conditions, turbulence structures in the atmospheric surface 
layer cause strong convergence in the streamwise direction and strong vertical stretching 
(Schols and Wartena, 1986). The high-speed structure under near-neutral conditions can 
induce an ascending region at the downwind side. When the lower portion of the ABL is 
(slightly) unstably stratified, the air lifted from below becomes warmer than that of the 
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surroundings and buoyancy effects are active. The interaction of the buoyancy-driven 
region with the preexisting shear-driven structure may induce a larger motion overall. 
As is shown in Figs. 3 and 5, the overall pattern of wind and temperature fields under 
slightly unstable (near-neutral) conditions is similar to that under unstable conditions. 
Gao et al. (1989) examined the structural characteristics observed in the layer within and 
above a forest (in the canopy and surface layer). They found close similarity between the 
unstable and near-neutral coherent structures, and pointed out that vertical wind shear is 
the major factor in the creation of these structures. In our study, intrusion of the large-
scale high-speed structure from the upper level (above the surface layer) is likely to be a 
driving process for the whole ejection-sweep structure both under near-neutral and 
unstable conditions. Even so, under unstable conditions, buoyancy effects are large 
compared to those under near-neutral conditions; the low value of z/L (under unstable 
conditions) means that the relatively large heat flux is induced by buoyant convection. 
Possible difference in turbulence features between the near-neutral and unstable cases is 
examined in the next section. 
 
3.4 Comparison of Turbulence Features between the Near-Neutral and 
Unstable Cases 
 
First, the wavelet variance spectra at the lower (50 m) and higher (200 m) levels are 
compared. For the slightly unstable (near-neutral) cases (16 cases), a peak (global or local 
maximum) of the spectrum for the u velocity component at 200 m is found usually within 
the large-scale range (10 cases) (Table 1). These maxima correspond to the spatial scales 
in the range of 1,430–3,080 m from the mean u. For the 50-m level in the same cases, a 
spectral peak (global maximum) is positioned over a wide range of time scales from 36 to 
320 s (310‒2,440 m in the spatial scale). 
For the unstable cases (13 cases), a peak of the wavelet variance spectrum for the u 
component at 200 m is found within the large-scale range in nine cases. These maxima 
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correspond to the spatial scales in the range of 590–2,020 m. In the other cases (four 
cases), no peak is found within the large-scale range and the wavelet variance gradually 
increases with the increase of the time scale. For the 50-m level in the same cases, the 
spectrum always has a global maximum in the time-scale range of 44‒256 s (290‒1,630 
m in the spatial scale). Figure 4 shows an example case (U-8), in which the spectrum has 
a small local maximum at 104 s and gradually increases in the time-scale range larger 
than 172 s for the 200-m level. In contrast, a clear peak (global maximum) is situated at 
96 s for the 50-m level. Based on the above examinations, the features in the wavelet 
variance spectrum for the unstable cases do not largely differ from those for the near-
neutral cases. Newsom et al. (2008) estimated integral length scales directly from the 
spatially resolved velocity retrievals by the dual-Doppler lidar data. The streamwise 
length scale of the u component under unstable conditions (≈ 900 m) is lower than that 
under near-neutral conditions (1.6 km). Since their observation period is limited to one 
day, more data are needed for the detailed comparison with our analysis. 
Next, the vertical extent of structures from the higher level towards the lower level 
and the overall flow structure of the lower boundary layer is compared. The analysis of 
space–time correlation of the u component between the 200-m and 50-m levels shows a 
vertical extent of structures. The average value of maximum correlation coefficients is 
0.33 (σ = 0.08) for the unstable cases, which is the same as that for the slightly unstable 
(near-neutral) cases (0.33, σ = 0.07). By contrast, for the non-dimensional wind shear 
between the 50-m and 200-m levels, the average value is 3.1 (σ = 1.0) for the unstable 
cases, which is smaller than that for the near-neutral cases (4.6, σ = 1.1). This represents 
the convectively well-mixed layer under unstable conditions. In this connection, the 
correlation coefficient between the u and w components (ruw = u'w' /σuσw) is also 
examined (the overbar indicates the time average). This value depends on the relative 
content of “active” turbulence that produces the shear stress τ (Högström 1990), and 
indicates the transport efficiency of momentum (Li and Bou-Zeid 2011). At the lower 
level (50 m), the average ruw is almost the same for both cases (ruw = −0.31 for the 
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unstable cases and −0.30 for the near-neutral cases). On the other hand, at the higher level 
(200 m), the average ruw value of −0.21 for the unstable cases (σ = 0.06) is, in magnitude, 
definitely lower than that for the near-neutral cases (−0.31, σ = 0.04). Therefore, at this 
level, momentum is more efficiently transferred towards the lower level in the near-
neutral cases. 
Based on the acoustic sounding data, Thomas et al. (2006) demonstrated that the 
degree of vertical coherency increases with the flow evolving from neutral to near-
convective conditions. This increase was attributed to the evolution of thermal eddies, 
although the significant influence was limited to the lower layer (below five times the 
canopy height). In the present study, the downward extent of structures from the 
comparatively high level (200 m) is analyzed. 
Wilczak (1984) found the specific regions of the large-scale eddy structure in the 
convective surface layer observed from the Boulder Atmospheric Observatory tower, 
which act to transport momentum in a counter-gradient direction. Moreover, the intensity 
of the counter-gradient flux tends to increase with height, so that the magnitude of ruw 
decreases with height. The basic large-scale eddy circulation is inherently inefficient in 
the use of velocity fluctuations to transport momentum to the surface, in accordance with 
the present study. By using LES, Moeng and Sullivan (1994) showed that ruw in the shear-
driven ABL is about twice as large as in the buoyancy-driven ABL. This result is likely 
related to the existence of large negative u′w′ in both updraft and downdraft regions in the 
shear case and only in the few strong updraft regions in the buoyancy case. 
Finally, characteristics of the turbulent motion are compared. Instantaneous values of 
u′w′ for the Reynolds shear stress are sorted according to the quadrant in the (u′, w′) 
plane: (1) u′ ≥ 0, w′ ≥ 0 , (2) u′ < 0, w′ ≥ 0 (ejection), (3) u′ < 0, w′ < 0, and (4) u′ ≥ 0, w′ < 0 
(sweep) (Wallace et al. 1972; Willmarth and Lu 1972). In these quadrants, ejection and 
sweep motions contribute to the downward transfer of momentum. The flux fraction is a 
relative contribution of the motion in each quadrant to the momentum flux by all motions. 
Raupach (1981) defined the imbalance in the contribution of sweep and ejection motions 
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′′ 2  are the flux fractions in quadrants 4 and 2, respectively. Based 
on analytical considerations, Katul et al. (2006) showed that the imbalance can be 
predicted from measured profiles of the Reynolds stress and the longitudinal velocity 
standard deviation. They also indicated that in the outer layer ((z − d)/δ > 0.4), ΔS0 < 0 
and in the neutral surface layer, ΔS0 = 0, where d is the zero-plane displacement and δ is 
the ABL height. 
In this study, at 50 m and 200 m, ΔS0 < 0 for all unstable cases and slightly unstable 
(near-neutral) cases, and the contribution of ejection motions in the unstable cases tends 
to be more dominant than that in the near-neutral cases. In the unstable cases, the average 
value of ΔS0 is −0.34 (σ = 0.21) at 200 m and −0.22 (σ = 0.06) at 50 m. On the other hand, 
in the near-neutral cases, the average ΔS0 is −0.25 (σ = 0.08) at 200 m and −0.13 (σ = 
0.06) at 50 m. Therefore, in the unstable cases, the upward air motion (nearly 
corresponding to the ejection motion) in the plume structure can significantly influence 
the downward momentum flux. In the near-neutral cases, relatively, the contribution of 
the downward air motion (sweep motion) is large. 
As has been noted, some turbulence features similar to those in the unstable cases can 
be obtained in the near-neutral cases (under slightly unstable conditions). However, small 
vertical wind shear is recognized in the unstable cases. On the other hand, in the near-
neutral cases, the transport efficiency of momentum at the higher level and the flux 
contribution of sweep motions are larger than those in the unstable cases. They are 
important features of the structures under near-neutral conditions and suggestive of the 
effects of the “large-scale eddies” (Hunt and Morrison 2000). 
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4 Concluding Remarks 
 
Based on the analysis of data obtained from a meteorological tower, we have investigated 
the conditions for the predominant existence of large-scale turbulence structures in the 
lower part of the near-neutral ABL. From the analysis of the streamwise velocity 
component (u) at the highest level (200 m), large-scale structures predominantly exist 
under slightly unstable and close to neutral conditions. These large-scale structures play 
an important role in the overall flow structure of the lower boundary layer. It appears that 
the development of large-scale structures is inhibited by thermal stratification under 
(slightly) stable conditions. As for the diurnal change in large-scale structures, the vertical 
structure of the ABL also evolves and its top level changes with the diurnal cycle. The 
largest scale of structures is possibly related to the ABL depth; the ABL becomes deep 
under unstable conditions, also indicating the dependence on stability. 
The average pattern of structures under slightly unstable (near-neutral) conditions is 
similar to that of the plume structure under unstable conditions (z/L ≤ −0.2). Buoyancy 
effects are certainly large under unstable conditions. Even so, the intrusion of the large-
scale high-speed structure from the upper level is likely to be a driving process for the 
whole ejection-sweep structure both under near-neutral and unstable conditions. Under 
near-neutral conditions, momentum is more efficiently transferred at the higher level and 
the flux contribution of sweep motions is relatively large. Large-scale high-speed 
structures observed under near-neutral conditions appear to correspond to the “large-scale 
eddies” that exert great influence on turbulence in the lower part of the boundary layer 
(Hunt and Morrison 2000). Large-scale high-speed structures also can affect the 
turbulence features. 
Streaks are alternating bands of relatively higher and lower speed flow and parallel to 
the mean shear direction in the lower part of the ABL. Foster et al. (2006) proposed that 
the streak motion plays an important role in the maintenance of the surface stress by 
establishing the preferential conditions for the ejections and sweeps that dominate the 
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surface stress. As explained above, the large-scale structure in the near-neutral ABL 
comprises an ejection-sweep structure, and its relationship with the streak is also of 
particular interest. The present investigation has been focused on the examination of the 
layer down to the 50 m level. Even so, it is of interest to examine the turbulence 
characteristics in the layer near the surface. Below the vigorous turbulence layer around 
the 25-m level, large-scale high-speed structures extend to the lowest level (10 m) (cf. Fig. 
3). Turbulence structures of large horizontal scale tend to also have a large vertical scale, 
and thus exert a great influence on the turbulence in the lower layer. The future direction 
of this study will be one that investigates the process of strong wind events at the surface. 
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Table 1  Time scale of the peak in the wavelet variance spectrum for the u component at 200 m. 
The analysis is made for near-neutral observational cases.  
 
 
Dash (–) means the case when the wavelet variance increases in the large time-scale region. 
Average values of z/L are also shown. In addition, the maximum correlation coefficient and the 
non-dimensional wind shear (S) between 200 m and 50 m for the u component are shown 
a Peak of the wavelet variance spectrum within the large-scale range (100‒300 s) 
Case 
No. 
Date Time (LST) Average 
z/L 
Time scale of the peak in the 











 1 3 Dec 1999 0730–1100 0.00 72  0.32 5.5 
 2 3 Dec 1999 1230–1600 −0.04 – 28 0.37 4.3 
 3 7 Dec 1999 1330–1700 −0.01 80  0.36 5.2 
 4 12 Dec 1999 1000–1330 −0.13 236a  0.35 3.0 
 5 26 Dec 1999 1430–1800 0.03 44 232 a 0.22 6.4 
 6 4 Jan 2000 1230–1600 −0.09 – 48 0.37 3.9 
 7 11 Jan 2000 1230–1600 −0.08 – 80 0.37 3.9 
 8 20 Jan 2000 1330–1700 −0.03 – 52, 156 a 0.37 5.5 
 9 20 Jan 2000 1830–2200 0.08 28  0.10 8.3 
10 21 Jan 2000 1430–1800 0.00 72 240 a 0.30 5.5 
11 31 Jan 2000 1500–1830 0.03 – 108 a 0.28 5.3 
12 9 Feb 2000 0600–0930 0.01 24  0.18 6.1 
13 10 Feb 2000 0000–0330 0.11 16  0.17 10.5 
14 10 Feb 2000 0630–1000 −0.04 40 316 0.12 8.1 
15 16 Feb 2000 1530–1900 0.03 44  0.27 6.8 
16 21 Feb 2000 1430–1800 −0.02 140 a  0.25 4.7 
17 22 Feb 2000 1400–1730 −0.04 112 a  0.31 4.5 
18 29 Feb 2000 0630–1000 −0.07 180 a 60 0.22 5.4 
19 29 Feb 2000 1600–1930 0.03 – 20, 84 0.24 6.1 
20 9 Mar 2000 1600–1930 0.03 220 a  0.33 5.2 
21 17 Mar 2000 1500–1830 −0.02 – 40, 112a 0.33 4.9 
22 18 Mar 2000 1530–1900 0.01 32 124 a 0.18 6.8 
23 19 Mar 2000 1530–1900 0.03 40 172 a 0.14 8.2 
24 20 Mar 2000 1430–1800 −0.07 260 a  0.36 3.7 
25 24 Mar 2000 1530–1900 0.05 196 a 40, 76 0.37 5.8 
26 26 Mar 2000 1500–1830 −0.05 –  0.46 4.3 
27 29 Mar 2000 0000–0330 0.05 24  0.19 7.7 
28 29 Mar 2000 0630–1000 −0.05 172 a 92 0.33 4.3 
29 29 Mar 2000 1330–1700 −0.05 180 a 40 0.31 4.4 
30 29 Mar 2000 2030–2400 0.06 20  0.27 8.5 
31 30 Mar 2000 0830–1200 −0.14 240 a  0.36 3.4 
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Table 2  Time scale of the peak in the wavelet variance spectrum for the u component at 200 m, 
and the maximum correlation coefficient and the non-dimensional wind shear (S) between 200 m 
and 50 m for the u component 
 
 
The analysis is made for subcases on February 9, 2000. Average values of z/L are also shown 
 
Table 3  Mean wind directions (for seven parts) and average values of horizontal wind speed, 
friction velocity (u∗), and z/L at 50 m for the unstable cases 
 
The time scale of the peak in the wavelet variance spectrum for the u component at 200 m is also 







Time scale of the peak in the 











1 0500–0730 0.03  20 296 0.20 6.4 
2 0730–1000 −0.01  24 124 0.22 6.1 
3 1000–1230 −0.09 160  0.25 3.7 
4 1230–1500 −0.07 124  0.33 4.2 
5 1500–1730 0.01 100  0.35 4.5 
6 1730–2000 0.10  40  0.18 8.0 














z/L Time scale of the peak in 






1 8 Dec 1999 1000–1330 300‒343 3.0 0.50 −0.69 252 28, 108 
2 21 Dec 1999 0830–1200 244‒272 3.9 0.46 −0.47 ‒  
3 25 Dec 1999 1130–1500 274‒310 2.9 0.38 −0.72 264 56 
4 22 Jan 2000 0830–1200 240‒307 3.9 0.47 −0.69 ‒ 48, 116 
5 26 Jan 2000 0900–1230 305‒318 6.5 0.64 −0.29 240  
6 18 Feb 2000 1000–1330 279‒333 6.9 0.75 −0.32 ‒  
7 23 Feb 2000 0930–1300 295‒319 4.5 0.56 −0.80 196 76 
8 28 Feb 2000 1100–1430 183‒204 6.8 0.65 −0.57 ‒ 104 
9 1 Mar 2000 0900–1230 287‒320 4.0 0.61 −0.61 ‒ 80 
10 10 Mar 2000 1130–1500 280‒314 7.2 0.80 −0.33 ‒  
11 11 Mar 2000 1300–1630 190‒215 4.4 0.50 −0.58 232 20 
12 19 Mar 2000 1130–1500 180‒220 4.3 0.51 −0.60 196 60 
































Fig. 1  z/L, friction velocity (u∗), and u velocity components at 200 m and 
50 m on February 9, 2000. Periods for the analysis (0500‒2230) and 
subcases (each 150 min) are also shown 
 





















Fig. 2  Wavelet variance spectra of the u velocity component as a function of the time 
scale for the subcases during 0730–1000 (a) and 1000‒1230 LST (b) on February 9, 
























Fig. 3 Conditionally-averaged wind pattern on a time–height cross-section (zero corresponds to the 
time of the events) for the near-neutral case during 1330–1700 LST on March 29, 2000. Contours 
indicate  normalized u′ values and arrows denote normalized w′ values. The red line at each level 

































Fig. 4  Wavelet variance spectra of the u velocity component as a function of the time 
scale for the unstable case during 1100–1430 LST on February 28, 2000 
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